Infection of RBC by the malaria parasite Plasmodium falciparum activates, at the trophozoite stage, a membrane current 100-to 150-fold larger than in uninfected RBC. This current is carried by small anion channels initially described in supraphysiological ion concentrations (1.115 M Cl ؊ ) and named plasmodial surface anion channels (PSAC), suggesting their plasmodial origin. Our results obtained with physiological ion concentrations (0.145 M Cl ؊ ) support the notion that the parasite-induced channels represent enhanced activity versions of anion channels already present in uninfected RBCs. Among them, an 18-pS inwardly rectifying anion channel (IRC) and a 4-to 5-pS small conductance anion channel (SCC) were present in most single-channel recordings of infected membranes. The aim of this study was to clarify disparities in the reported electrophysiological data and to investigate possible technical reasons why these discrepancies have arisen. We demonstrate that PSAC is the supraphysiological correlate of the SCC and is inhibited by Zn 2؉ , suggesting that it is a ClC-2 channel. We show that in physiological solutions 80% of the membrane conductance in infected cells can be accounted for by IRC and 20% can be accounted for by SCC whereas in supraphysiological conditions the membrane conductance is almost exclusively carried by SCC (PSAC) because the IRC is functionally turned off.
Infection of RBC by the malaria parasite Plasmodium falciparum activates, at the trophozoite stage, a membrane current 100-to 150-fold larger than in uninfected RBC. This current is carried by small anion channels initially described in supraphysiological ion concentrations (1.115 M Cl ؊ ) and named plasmodial surface anion channels (PSAC), suggesting their plasmodial origin. Our results obtained with physiological ion concentrations (0.145 M Cl ؊ ) support the notion that the parasite-induced channels represent enhanced activity versions of anion channels already present in uninfected RBCs. Among them, an 18-pS inwardly rectifying anion channel (IRC) and a 4-to 5-pS small conductance anion channel (SCC) were present in most single-channel recordings of infected membranes. The aim of this study was to clarify disparities in the reported electrophysiological data and to investigate possible technical reasons why these discrepancies have arisen. We demonstrate that PSAC is the supraphysiological correlate of the SCC and is inhibited by Zn 2؉ , suggesting that it is a ClC-2 channel. We show that in physiological solutions 80% of the membrane conductance in infected cells can be accounted for by IRC and 20% can be accounted for by SCC whereas in supraphysiological conditions the membrane conductance is almost exclusively carried by SCC (PSAC) because the IRC is functionally turned off.
ionic channels ͉ new permeation pathways ͉ Plasmodium ͉ red blood cell P lasmodium falciparum-infected human RBCs possess parasite-induced new permeation pathways (1) , which allow the uptake of nutrients and excretion of metabolic waste products. The properties of the new permeation pathways have been a major area of interest particularly in the context of whether they are possible antimalarial targets for selective inhibition and routes for drug delivery in future chemotherapies (2) . They were originally defined, using nonelectrophysiological techniques, as having the general characteristics of anion channels (3) (4) (5) .
Recent whole-cell electrophysiological studies of human erythrocyte membrane in serum-free isotonic conditions showed that infection by P. falciparum activates, at the trophozoite stage, a membrane conductance 100-to 150-fold larger than in uninfected cells (6) (7) (8) (9) . The typical electrophysiological signature of infection is characterized by whole-cell current-voltage (I-V) curves showing inward rectification [lower current at positive membrane potential (Vm) than at negative values], anion selectivity, and inhibition by furosemide and 5-nitro-2-(3-phenylpropylamino)-benzoate (NPPB). This whole-cell current is carried by anion channels, but the origin, number, molecular nature, and biophysical features of these channels remain controversial (10). Desai and coworkers (6, 11, 12) , using the cell-attached configuration with 1 M choline chloride in bath and pipette solutions, described a 20-pS channel that they called plasmodial surface anion channel (PSAC) and considered as parasite-derived. They estimated PSAC's conductance at physiological ion concentration to 3 pS.
Our group, using physiological solutions (155 mM Cl Ϫ ), observed spontaneous activity of three different channel types in infected RBCs (13) : a 12-to 18-pS inwardly rectifying anion channel (IRC), a 4-to 5-pS small conductance anion channel (SCC), and a third channel exhibiting outward rectification (i.e., greater currents at positive Vm) (outwardly rectifying chloride channel). Under our conditions IRC and SCC are present on Ͼ95% of membrane patches of infected RBCs. The IRC has some similarities to PSAC in that it exhibits fewer and shorter openings at positive Vm and flickering gating but with an Ϸ5-fold-higher single-channel conductance. It also shows significant differences in levels of inhibition by certain antagonists (NPPB and furosemide) and can be induced on uninfected erythrocytes by either membrane stretch or protein kinases, whereas Desai and colleagues (12) failed to activate channels by PKA and ATP on uninfected erythrocytes under their experimental conditions. The SCC also exhibits fewer and shorter openings at positive Vm and has a single-channel conductance close to the value calculated for PSAC at physiological ion concentrations but displays different gating.
In other studies, Lang and coworkers (14, 15) , using whole-cell measurements (single-channel studies were not performed), suggested three channel types permeable to anions. They showed that two of the anion conductances exhibit inward rectification and provided evidence that one of them is attributable to the chloride channel ClC-2, sensitive to cell volume and inhibited by Zn 2ϩ (16) ; the third conductance exhibits outward rectification. This group also found that conductances similar to each of those seen in infected cells can be activated in uninfected erythrocytes by oxidation (14) .
To explore to what extent technical issues might account for the disparities in the reported electrophysiological data, we designed this series of experiments to follow the behavior of global membrane conductance and single-channel activity of infected RBCs exposed to increasing chloride concentrations from 115 mM (close to physiological conditions) to 1,150 mM [Desai's group (6, 11, 12) ] and varied concentrations of the main inhibitors used by all groups.
Results
Whole-Cell Patch-Clamp of P. falciparum-Infected RBCs. Cells were washed three times in the experimental solutions and kept in this solution at least 15-20 min before seal formation. Fig. 1 A-C illustrates typical whole-cell current recordings, which we have observed in infected RBCs using our usual physiological solutions A (150 mM NaCl plus 5 mM KCl), B [155 mM N-methyl-D-glucamine chloride (NMDG)-Cl], and C (155 mM choline-Cl) in bath and pipettes. The I-V curves (not shown) constructed from the averaged data of all whole-cell current recordings showed inward rectification and reversal potentials close to 0 mV. The membrane slope conductances were calcu-lated (between Ϫ100 mV and Ϫ50 mV) to be 9.2 Ϯ 0.7 nS (n ϭ 6), 9.3 Ϯ 0.7 nS (n ϭ 6), and 9.2 Ϯ 0.6 nS (n ϭ 6), respectively. No statistically significant difference was found between these conductances, which confirms an anionic conductance and absence of specific effect of NMDG and choline ions in these experimental conditions. Fig. 1D shows the dependence of the mean I-V curves (without SEM bars for clarity) constructed for each chloride concentration obtained in bath and pipettes by adding choline chloride to the initial solution containing 115 mM NaCl (12) (solution D). The membrane conductance calculated between Ϫ100 mV and Ϫ50 mV increased in a linear manner between 0.115 M and 0.715 M, and the whole-cell currents saturated above 0.715 M as clearly visible in Fig. 1E where each point represents a large number of experiments (n Ͼ 6). Given the standard errors of the mean the transition occurs gradually at Ϸ0.715 M.
The pharmacological properties of the underlying conductive pathways also revealed a different profile below and above 0.715 M. Indeed, the data presented in Fig. 2A demonstrate a gradual transition from an IC 50 values for NPPB of Ϸ1 M at the lowest chloride concentration to Ϸ20 M at the highest concentration. A similar observation was done with furosemide ( Fig. 2B ) with IC 50 value close to 100 M for chloride concentration below 0.715 M and Ͼ400 M for higher chloride concentrations. The nonmonotonous inhibition curve at 20 M is probably due to the large standard errors to the mean. Inhibition by 1 mM Zn 2ϩ , a specific inhibitor of ClC-2 chloride channels, added in the bathing solution was also tested to evaluate the portion of current attributable to ClC-2 channels. Fig. 2C demonstrates that 29% of the whole-cell current was inhibited by zinc ions at physiological concentrations (a) whereas 52% and 65% inhibi- Single-Channel Recordings. We used the cell-attached configuration for measuring on intact cells the current through the 1 m 2 of membrane within the tip of the pipette. This configuration does not give access to the cytosolic side of the membrane for pharmacological tests but has the advantage of respecting the integrity of the cell and, from this point of view, is the most physiological situation. In a previous article (13) we presented evidence for the existence of three anion channels activated by the parasite and displaying clearly visible activity at the spontaneous membrane potential. To follow the single-channel activity of infected RBC exposed to increasing chloride concentrations from 0.115 M to 1.150 M we placed the RBCs in experimental solutions (containing 0.115 M NaCl plus 0, 200, 400, 600, 800, or 1,000 M choline chloride) at least 15 min before the experiment to allow recovery from cell volume variation induced by hyperosmotic shock and to fit with Desai's experimental conditions (6, 11, 12) . Fig. 3 depicts the behavior of SCC present on the membrane patch at the six different chloride concentrations used. The mean I-V curves presented in Fig. 3A were established in the typical range of Ϫ100 mV to ϩ100 mV by steps of 10 mV. When considering only negative potentials, the I-V relationships showed no significant deviation from linearity. By contrast, I-V relationships saturated at positive potentials for high chloride concentrations. The ohmic channel conductance (g) calculated between Ϫ100 mV and 0 mV was 4.1 Ϯ 1.0 pS (n ϭ 12) at 0.115 M chloride (open circles) and 19.9 Ϯ 1.7 pS (n ϭ 17) at 1.115 M (filled circles), which fits closely with the values reported for PSAC in the literature. The depen- dence of conductances on chloride concentrations showed a linear relationship (Fig. 3B) indicating that no process of saturation occurred for SCC at negative potentials. Fig. 3C shows typical recordings obtained at Ϫ100 mV. At this potential and at all negative potential, spontaneous channel activity was consistently observed as bursts of channel openings separated by brief closings. In addition to the increase in channel conductance, the increase in chloride concentration induced an increase in the number (n) of channels simultaneously open (Fig. 3D) whereas the open-state probability (Po) remained approximately constant (Fig. 3E) . At a fixed number of channels in the patch, an increased frequency of multiple openings should correspond to an increase of the openstate probability; otherwise, cooperativity can be suspected.
SCC.

IRC.
As we showed in a previous article (13) , at physiological chloride concentrations, the I-V relationships of this channel deviates slightly from linearity and saturates at positive potentials (Fig. 4A) , hence its descriptor/acronym. The ohmic channel conductance (g) calculated between Ϫ100 mV and Ϫ50 mV was 18.0 Ϯ 1.0 pS (n ϭ 17) at 0.115 M chloride (open circles) and 85.5 Ϯ 1.7 pS (n ϭ 7) at 1.115 M (filled circles), but it is important to note that this value was already reached at 0.715 M chloride, indicating, as shown in Fig. 4B, that 
. This is illustrated in Fig. 4C , where typical recordings obtained at Ϫ100 mV clearly show that the intensity is similar at 0.715 M and 1.115 M. In addition, Fig. 4D shows that the mean number of channels (n) active on the membrane patch declines above 0.715 M, and Fig. 4E indicates that the open probability declines dramatically from 0.75 Ϯ 0.09 (n ϭ 15) at 0.115 M Cl Ϫ to 0.10 Ϯ 0.09 (n ϭ 7) at 1.115 M Cl Ϫ , which means that this channel is rarely observed at supraphysiological Cl Ϫ concentrations. An estimation of the relative contribution of each channel type to the whole-cell global membrane conductance (G, measured between Ϫ100 and Ϫ50 mV) can be obtained by multiplying the mean single-channel conductance (g) by the mean number of channels present on the patch (n) and by the corresponding open probability (Po) (Fig. 5) . This calculation attributes 74% and 26% of the whole-cell conductance, at 0.115 M Cl Ϫ , to the IRC and the SCC, respectively, 66% and 34% at 0.715 M and 10% and 90% at 1.115 M.
We did not encounter any other type of anion channels in the membrane of infected RBCs on a regular basis, and it must be noted that the very large outwardly rectifying chloride channel seen briefly at the beginning of some recordings in physiological conditions and mentioned in our previous article (13) did not show up in any of the recordings in choline chloride solutions.
Discussion
These data lead to the clarification of some uncertainties and confirm that technical issues account for the disparities in the reported electrophysiological observations. Taken together they demonstrate the following.
1. In cell-attached configuration, among the three types of channels recently identified in infected RBC's membrane (13), the SCC displays under supraphysiological ionic concentrations the same conductance and type of gating as PSAC [as reported by Desai and coworkers (6, 11, 12) ]. PSAC is therefore the supraphysiological correlate of the SCC. 2. Under physiological solutions 80% of the membrane conductance in infected cells can be accounted for by IRC and 20% can be accounted for by SCC whereas under supraphysiological conditions the membrane conductance is almost exclusively carried by SCC (PSAC) because the IRC is functionally turned off. 3. The channels carrying the whole-cell current in physiological conditions (predominantly IRC) display a higher sensitivity to NPPB and furosemide than the channels carrying the wholecell current under supraphysiological conditions (i.e., SCC-PSAC). 4. The channels carrying the whole-cell current under supraphysiological conditions (i.e., SCC-PSAC) are inhibited by Zn 2ϩ , suggesting that SCC-PSAC is a ClC-2 channel.
This work clarifies the confusion between IRC (which is activated by PKA and ATP in noninfected cells) and PSAC. Because the present protocols were specially designed to follow the behavior of the global membrane conductance and singlechannel activity in infected RBCs by progressively moving from our usual experimental conditions to those used by the group of Desai (6, 11, 12) , we can reasonably assert that PSAC is the supraphysiological correlate of the SCC. In the supraphysiological experimental conditions where PSAC was described, the conductance of the IRC is in the range of 80-90 pS, and, more importantly, its open probability is so low that it is functionally turned off and rarely observed during our 1-to 3-min recordings under each voltage. In these conditions it is not surprising that Desai and colleagues have not seen this IRC during their shorter Fig. 2 . Inhibition of whole-cell currents by NPPB (A), furosemide (B), and Zn 2ϩ (C). Inhibitors were added to the bathing solutions to obtain final nominal concentrations 1, 10, and 100 M for NPPB, 20, 200, 500, and 1,000 M for furosemide, and 1 mM for Zn 2ϩ . The percentage of inhibition was calculated on the cord conductance between Ϫ100 mV and Ϫ50 mV for each chloride concentration. Vertical bars correspond to SEM, and each calculated value was a mean of six or more I-V curves obtained by evoking a series of test potentials from Ϫ100 to ϩ100 mV in 10-mV steps for 300 or 500 ms from a holding potential of 0 mV. Typical examples are given in C (a, b, and c).
recordings either in infected cells or when they tried to induce channel activity by PKA and ATP in noninfected cells.
According to the present model based on two different types of channels activated by P. falciparum it is possible to interpret the biphasic behavior of the whole-cell membrane conductance as the sum of two components displaying different conductances and divergent evolution of open probability when chloride concentration increases. The dependence of the whole-cell conductance on chloride concentration (activity) described here is in marked contrast with the linear relationship presented by Desai et al. in their original study (6) , from which they concluded the existence of only one parasite-derived channel type. The present study confirms the existence of at least two channels activated under physiological conditions (the activity of the third, the outwardly rectifying chloride channel, is observed too infrequently to deserve consideration) (13) , and their endogenous origin is more than likely. The IRC can be activated by forskolin in intact noninfected cells and in RBCs of cystic fibrosis patients; it is able to transport ATP, and its membership of the ATP binding cassette family of anion channel was suggested (17) . It is probable that the Zn 2ϩ -sensitive channel belongs to the ClC-2 family, in keeping with the observations of Lang's group (16) , who found by immunoblotting that ClC-2 protein is expressed in human RBCs. However, with regard to slow gating of ClC-2 channel (18), further experiments are clearly needed before definitely identifying the SCC-PSAC as a ClC-2 channel. ClC-2 channels are activated by cell swelling (19) . Therefore, if SCC-PSAC is a ClC-2 channel, its activation in infected cells may mean that this channel accomplishes a regulatory volume decrease of the volume-challenged host RBC. Lang's group (14) also showed that conductances similar to each of those seen in infected cells can be activated in uninfected erythrocytes by oxidation, suggesting a single mechanism of activation by the parasite and pointing toward modified endogenous channels as the basis of altered permeability.
The inward rectification of the whole-cell I-V curve is typical of infected cells washed under isotonic conditions at least three times in serum-free media. In this case the inward rectification is due to a dramatic decline in IRC current amplitude and open probability at positive potentials, which account for 80% of the global current, and to a much lower extent to a reduction in the open-state probability of SCC (PSAC).
Different whole-cell I-V curves are recorded in different experimental conditions, including addition of serum or imposition of holding potentials between test pulses. The addition of human serum increased both inward and outward whole-cell currents significantly (8) . A time-dependent inactivation of inward currents develops when a negative holding potential is maintained between test pulses evoked for obtaining I-V curves leading to a outward rectification (8) . When applied to single channels, rectification properties ref lect the kinetics of the molecular components controlling the gating process of the conductive path. The fact that addition of serum increases the global current or that a negative holding potential alters the conductance phenotype from inwardly to outwardly rectifying does not necessary mean that more inwardly rectifying and small conductance ion channels or new channel types (outwardly rectifying chloride channel) are recruited. It may solely mean that the inwardly or outwardly rectifying behavior in whole-cell configurations represents alternative kinetic modalities of the same channels, dependent on conditions. Single-channel recordings will clarify the mechanisms underlying these changes.
The present data do not tell us whether the conductances that are observed in the patch-clamp experiments are the ''electrophysiological correlate'' of the new permeation pathway or are a collateral effect of red cell invasion. The answer to this question will be provided by electrophysiological experiments performed in conditions similar to those prevailing in radio-tracer experiments on intact cells at the spontaneous membrane potential. Because the model for the malaria-infected RBC predicts that as the parasite matures the RBC membrane potential changes from about Ϫ10 mV to Ϫ2 mV (20, 21) , future electrophysiological studies should focus on cell-attached current recordings corresponding to voltage variations in the range of Ϫ20 mV to ϩ20 mV. Our recent study shows that this is possible in physiological ionic concentrations, and the current recordings obtained in this range of voltages indicate that IRC and SCC carry outward movement of anions through the patch membrane at spontaneous membrane potential.
Materials and Methods
Preparation of Cells. Venous blood was drawn into heparinized syringes from healthy volunteers. RBCs were washed three times by centrifugation and resuspension in large volumes of culture RPMI medium 1640 (Invitrogen, Cergy-Pontoise, France). The buffy coat containing platelets and white cells was removed by suction after each wash. After the last wash, the cells were suspended at 50% hematocrit in RPMI medium 1640. P. falciparum clone 3D7 was grown in human RBCs as described previously (7, 22) . 5 . Estimation of the relative contribution of SCC and IRC to the wholecell global membrane conductance (G, measured between Ϫ100 and Ϫ50 mV). This graph was obtained by plotting, for each chloride concentration, the mean single-channel conductance (g) multiplied by the mean number of channels present on the patch (n) and by the corresponding open probability (Po) for SCC (doted line) and IRC (dashed line) and the sum of both (solid line). It shows the increasing contribution of SCC when chloride concentration increases and the opposite evolution of IRC.
mM NaCl, 5 mM MgCl 2 , 10 mM CaCl 2 , 20 mM Hepes, 10 mM glucose, and 200, 400, 600, 800, 1,000, or 1,200 mM choline-Cl.
All solutions were filtered through 0. Current Recordings. Patch pipettes (tip resistance 10-20 MOhm) were prepared from borosilicate glass capillaries (GC 150F; Clark Electromedical) pulled and polished on a programmable puller (DMZ; Werner Zeitz, Augsburg, Germany). Seals (4-20 Gohm) were obtained by suctions of 10-25 mmHg applied for Ͻ20 s using a syringe connected to the patch pipette. Singlechannel currents were recorded by using a RK400 patch-clamp amplifier (Biologic, Claix, France), filtered at 1 or 3 kHz, digitized (48 kHz), and stored on a Digital Audio Tape (DTR 1204; Biologic). For analysis the data were played back, transferred to a computer, and analyzed by the PAT computer program (Dempster; Strathclyde Electrophysiology Software). The whole-cell configuration was obtained by electrical pulses until patch rupture was achieved, resulting in an increased capacitive transient. Whole-cell currents were recorded by using an RK400 amplifier (Biologic) with voltage command protocols generated and the current analyzed using the WCP software.
The sign of the clamped voltage (Vp) refers to the pipette solution with respect to the bath, and outward current (positive charges flowing across the patch membrane into the pipette) is shown as an upward deflection in the current traces. In the cell-attached configuration the imposed membrane potential (Vm) is referred to ϪVp. I-V curves were constructed by plotting the mean current amplitude for each clamped potential. Open probability (Po) was determined as the fraction of digitized points above a threshold set midway between the closed and open peaks of current amplitude histograms. Po was determined from 60 s of stable recordings. Under these conditions, Po was defined as the ratio of the total time spent in the open state to the total time of the complete record. Analyses were confined to patches containing single-channel events only. Data are given as mean values Ϯ SEM. Significance was assessed by using Fisher's F test and Student's t test.
Chemicals. Furosemide and NMDG were purchased from Sigma (Saint Quentin Fallavier, France). NPPB was obtained from Research Biochemicals International (Saint Quentin Fallavier, France).
